
snt of the prbary cosmic radiation is studied. 

index of refraction of carban dioxide with pressure waa measured and 

The variation of the 

t h i s  information uaed t.0 aeleot the velocity threehold of the partides 

to be detected. A Cerenkov detector containing carbon dioxide at 30 
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A. O d e  Of this Study 

The high energy component of the prinarg cosmic radiatim cmsis t s  

mostly of a t d c  nuclei. 

particles with respect t o  atomic number Z is not well known because of 

the difficulties in obtaining data of good s t a t i s t i ca l  accuracy autside 

the atmosphese. 

The distribution of these primam charged 

Most of the information m now have about the abundance of the pri- 

mary radiatiun has come from equipment carried alof t  by bsllOUl8. 

short duratian of balloon flights, however, does not allon the callectiar 

of a large amount of data. 

the highest bal lom alt i tudes (around 125,000 feet)  is quite appreciable 

campared t o  the interaction length of the primaries and i s  sufficient t o  

distor t  the Z distribution of t h e  primary radiation. 

The 

The atmosphere still r.emBining above e m  

As the prhary nuclei penetrate the atmosphere, they interact with 

the various gas molecules. The nuclei lose energy by ionizing or excit- 

ing these molecules; or the  nuclei can be fragmented upan colliding with 

other nuclei. 

atandc number 2 of the primarynucleus. For example, the probability of 

detecting heavy nuclei a t  sea level i s  completely negligible, whereas 

the probability that  a primary proton ,  vertically incident upon the 

atmosphere, w i l l .  penetrate t o  sea level i s  about loo6. 

This absorption of the primary radiation varies with the 

The advent of sa te l l i t es  gives us the opportunity t o  obtain this 
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inio-tian above the atstosphere. 

chosen sufficiently high in altitude above the earth that the atmospheric 

affect on the pI.imary radiation is  negligLUe. 

satellite-borne experiments can be long enough t o  obtain the required 

infonnatian i f  the equiFanent can be kept operating. 'Ihua the two disad- 

vantages of balloon flights can be OvBIpCcune by performing the experiment 

in a satel l i te .  The equ ipen tma t  be deaiped, hcmwer, t o  meet size, 

weight, and reUaMli ty  requirements that res t r ic t  the methods that can 

be used t o  obtain the desired information. 

The orbits of them satel l i te8 play be 

The duration of the 

For example, a magnet could be used t o  measure the curvature of the 

particles i n  a magnetic field. 

satellite-borne experiment because of the heavy masets  that would be 

required t o  obtain a Suitable counting rate  and measurable curvature of 

the tracks. There are dev%cee which measure the ionisation emergyloss 

of the charged particles. 

This method would not be feasible fo r  a 

Among these are: 

1) Ionization chambers 

2) Propor t iod  counters 

3) Law efficiency getger tubes 

4) Qoud chambers 

5 )  Photographic emulsions 

6) SointillaticPl crystals 

7) Sdcac tuc tor  detectors. 

The f i r s t  Six items have been extensively used either i n  the laboratory 

or in  balloon flights. 

often considered fo r  s a t e l l i t e  equipment because of their nmnll size and 

weight a8 well  as  their r e l i ab le  and efficient aperation. 

on another principle is the Cerenkav radiation detector. 

Scintillation crystals and semiconductors are 

A method based 
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A study of a satellite-borne 
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cosmic radiation detector t o  accurately 

~ 

determine the relative abundance of the various ccanponents of p m  

radiatian is being conducted a t  the University of North Carolina. 

study has shown that we may obtain the most satisfactory results fram 

the use of the 2 detection efficiency of scinti l lat ion crystals, semi- 

conductors and Cerenkov detectors. 

h o s e  intensity i s  proportional t o  22 fo r  a constant particle velocity 

and particle path length through the medium, However, fluctuations i n  

the Cerenkov l igh t  output fran an operable Cerenkov detector prohibit Z 

discriminatim with t h i s  method. This feature of the Cerenkov detector 

wlll be discussed l a t e r  in Chapter It. 

therefore restricted t o  the two ionization energgloss devices. 

This 

Each device produces a l i gh t  signal 

Our study of Z discrindnatian was 

Exadnation of the process of ionization energy loss  f o r  particles 

of different Z traversing a scinti l lat ion crystal o r  semiconductor r e d s  

that satisfactory 2 discrimination i s  possible only i f  (3 
ra t io  of the particle, exceeds a certain minhm value. 

t ra tes  the dependence of the energy loss, a/&, for particles of diffelc 

ent 2 on the  velocity 

charged particle i s  proportional t o  22 f o r  a given P 
a proton with f c  0.33 and an alpha particle with pe 0.97 have the 

same energy loss 3n the medium; and if one is  attempting t o  determine 2 

by measuring the energgloss, these  two particles can not be distinguished. 

h e  energy loss curves have a broad mininnUn a t  about p = 0.97; and for 

greater than 0.97 the energy l o s s  rate approaches a constant value knm 

as the Fermi plateau. We see that we m y  obtain reliable charge resolu- 

tion by restricting the particles we detect t o  those nuclei whose p is 
greater than 0.97, 

, the velocity 

Figure I illus- 

of the particle. The energy loss  of the 

. AS can be seen, 
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We carl achieve t h i s  selection of particle velocities by using a 

Cerenkov radiation detector. 

charged particle traverses a transparent medium w i t h  a p greater than 

8ame mfdnmn d u e .  

Cerenkov radiation is obtained when a 

This feature of a threshold velocity fo r  Cerenkm 

radiation will be discussed l a t e r  in t h i s  thesis. 

kov PLBdlllBS, we 6811 select any value for  the threshold, fo r  ammple, p = 

By choice of the Ceren- 

00 97. 

The bsi8 for our 2 detelminatim will then be t o  re- that the 

p-ry c o d c  nuclei produce a eignal in both the dE/dx detector and 

the Cerenkov detector. 

record and analyze the dE/dx signal, which is vew closely p r o p o r t i d  

Only if Cerenkov radiation i s  detected #ill we 

t o  220 

Lau discussed the problem of 2 discrimination f o r  prinrary c o d c  
12 

radiation his Xasterts thesis. He found that mrclei up t o  Z = 12 
ahould be distinguishable using an NaI(T1) scinti l lat ion c r y s t a l ,  p m  

dd8d  a large number of particles are detected and provided the particles 

haver> 0.97. 

the develoFpnent stage and not too much informstion i s  available on the 

Semiconducting devices for  Z discrimination are still i n  

type and size device which would be required. 

cerned with the final choice o f t h e  2 discrirainator. 

This thesis i s  not cm- 

In  this thesis we consider the problems relating to the use of 

Cerenkov radiation produced &en a charged particle traverses a gas 

Cerenkov detector. 

the /8 threshold of a t  least p =  0.97 which we require. 

cussion of the Cerenkov effect and the information that can be obtained 

from its use, we w i l l  also consider the advantages and disadvantages of 

using Cerenkov radiation t o  detect cosmic ray particles, related 

We will find that only a gas medium w i l l  give us 

In this dis- 

I 
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e.xpex4ment.s that have been described i n  the l i terature,  and recent designs 

that have been considered i n  this laboratorgo 

B. General Considerations of the Cerenkov Effect 

Cerenkov radiation results when a charged particle traverses a 

transparent medium w i t h  a velocity greater than the local phase velocity 

of light. 

particle through the medium i s  strongly concentrated about an angle 

with respect t o  the directian of the particle, where, as indicated below, 

The dectranaipletic radiatian produced by the passage of t h e  

8 i s a  

Cerenkov 

track of 

particle 

bow wave 

the wave 

The 

1) 

function of the particle velocity. 

radiation form right circular cones of half angle 8 about the 

the particle. 

is often compared t o  a wrodynamic shock wave o r  t o  the surface 

produced in  a fluid by a body moving with a speed greater than 

Thus the ray paths of the 

zhe wave front of the radiation produced by the 

propagation velocity of the fluid. 

“Cerenkov r e l a t i a n  is: 
3 

I 
cos 8 * p- 

where p i s  the rat io  of the velocity of the particle t o  t h e  velocity 

of light in a vacuum and n is the index of refraction of the transparent 

medium. 

This equation predicts the mininnlm velocity r a t i o  fs of the part- 

i c l e  that w i l l  produce Cerenkov radiation, 

particle i s  less than l/n, the Cerenkov relation cannot be satisfied and 

the particle w i l l  not produce Cerenkov radiation, 

tion, n, of the medium thus provides a velocity threshold below which 

no radiation is produced. We need a transparent medium with an index 

If the /3 of the incoming 

The index of refrac- 



7 

nf refraction of l . 03 l to  satisfy the Cerenkov relation fo r  detecting 

primary cosmic particles above p z 0.97, 

have an index of refraction ofthis magnitude. 

Only a gas under pressure can 

The energy of particles of known mass can be accurately deternrlned 

by equation 1 if the angle 9 can be measured. I n  an experiment pro= 

posed by Roberts, where the possible particle paths are confined t o  

narrow solid angles, it is possible t o  develop detectors based on the 

measurement of 8 , in which p can be deterndned t o  an accuracy of 

0.02$ for  an angular spread i n  the particle path of two milliradians. 

Wortunately, i n  order t o  obtain a tolerahle counting rate, any type of 

detector designed for  use in a satel l i teborne cosmic ray experiment 

must have a rather wide angle of acceptance. This not only eliminates 

the possibility of m e a s u r e m e n t  of p but, as mentioned previously, it 

introduces severe fluctuations into the l igh t  collection efficiency of 

the Cerenkov system and renders it virtually worthless fo r  the purpose 

17 

of Z determination. 
7 

Frank and Tamm developed the classical theory f o r  Cerenkov radia- 

tion and obtained the fundamental equation for  the energy W of radiat im 

produced per unit path length 

whem A i s  the wavelength of the radiation and x i s  the path length of 

the particle of charge Ze i n  the medium. 

The complication i n  the evaluation of this integral, which d d  

arise frons a strong dependence of n on A , is avoided in our considera- 

tions by the restriction on the range of imposed by the transmission 

characteristics of the windows and the photomultiplier tube. As will be 



. 

shown la ter ,  we are restricted 

5800 A. I n  this regia, n for 
0 

o f A  0 

I b i s  allows us t o  rewrite 

3) 

Now l e t  the energg loss  of the 

8 

t o  the wavelength interval from 3500 f t o  

gases is  usually a s l d y  vaqdng function 

15 
equation 2 as 

A& dA 
7i4 

particle be represented by Nhc where N 

is the number of photons emitted in the wavelength interval from A, t o  

) ra and h 3  refers t o  the average energy of 

ne detect ( h = ). Since the wavelength 

sma77, we can, t o  a good a p p r o b t i m ,  write 

integral i n  equaticn 3 can be w e s s e d  as 

3d 

We may now rewrite equation 3 as 

the emitted photons which 

interval fram A, t o  is 

Since the path length through the medium is short enough that p i s  not 

reduced and noting thatgT - l/l37, we finally obtain 
e' 

A n  apprclldmate relationship between the photon yield and the index 

of r e h c t i a n  of the  &ss ia obtained by observing that both n f o r t h e  gas 

and the f3 of the particle are d o s e  t o  one. 

and 1 - /3 = gd< 1 we find, t o  a first approximation, 

By expresshg n - 1 = E 4< 1 
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Eguatian 4 now becanes 

5 )  

We note that  /3 n approaches unity, [(n - 1 )  - (1 - /3 )] and N 

approach zero. 

All particles with a velocity greater than the threshald f3 w i l l  

produce Cerenkov light. 

t h i s  threshold is one of t h e  fluctuations in l i gh t  output that prohibits 

OUT use of the Cerenkov detector as a Z discriminator. 

The variation of the photon yield with 16 above 

It is  impOrttrnt t o  note here the dependence of the amount of Ceren- 

kov radiaticm on the index of refraction of the gas. 

haw the index of refraction selects the Cerenkov threshold velocity f . 
The choice of the Cerenkov medium must be made with these Point8 in  mind. 

Equation 1 showed 

C. Considerations btennining the Choice of the Cerenkov Radiator Hate- 

r ia l  

Most of the experiments after World War I1 with Cerenkov detectors 

were centered around solid andliquid media, such as  Lucite and dis- 

t i l l e d  Water, which have relatively high indices of refraction (1.49 and 

1.33 respectively); and the resulting l igh t  yields were large enough f o r  

the newly developed photcmniltiplier t o  detect. 

Initially gases could not be used because of t he i r  very lowl ight  

yields and no effort  was made t o  use gases a t  high pressures t o  increase 

the index of refracticn and the l igh t  yield. 

tube was improved, gases such a8 air, helium, frem, nitrogen and 

carbon dioxide 

As the p h o t d t i p l i e r  
1 18 1 10 

8 
came into use as Cerenkov media. 

We chose carbon d i m e  for our gas Cerenkov medium primarily 
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because it i s  tha mst readi3.y available transparent gas that would s a t  

isfy our index of refraction requirements a t  a moderate pressure. 

reference could be found that c a r h  dioxide scint i l la tes  nor did we 

observe any s c b t i l b t i a n  during the experbmt described h Chapter 111. 

Carban dioxide also has the desired properties of law Z t o  minimize marl- 

tiple coulamb scattering of the particles and low dens i ty to  minimize 

their anergy l o sa  and consequent velocity reduction while traversing the  

radiator. 

No 

The collection of the faint but highly directional Cerenkov pulses 

produced i n  gas a t  high pressure poses many problems. For the present 

study, the primazy obJective i s  the assurance that a charged particle, 

w i t h  velocity satisfying the Cerenkov relation and which is  within the 

acceptance cone of the telescope, will produce a detectable si@. 

This requires maximum efficiency f o r  the producticm of the pulse 

and f o r  i t e  collection. I n  the following chapters, we w i l l  cmsider 

our two main problems, namely, the production and the collection of the 



cHAm I1 
PRODUCTXON OF PHOTONS 

A. Direct Effect of the P- Particle 

We can obtain the photon yield for Cerenkov radiation produced in 

carbon dioxide from eqyatian 5,  the modified form of the Frank and Tamm 

ewtj-m, 

5 )  

'Ibis equatian al lows one t o  determine the amount of radiation pro= 

duaed by each charged particle passing through the gas. We note that the  

radiatim yield depends not only on the index of refraction of the medium 

and the velocity of the particle, but also on the square of the a t d c  

number of the  particle. 

ing the re lat ive aburdance of the primary cosmic radiation provided that 

the path lengths of the particles in the medium were canstant, that the  

velocit ies were known and t h a t  the output of Cerenkov l i gh t  was great 

enough, in each case, t o  reduce the effect of statistical fluctuations i n  

the autput pulses. As seen in equation 5, the l i g h t  collection of the 

Cerenkov radiatim detector depends strongly on both the par t ic le  path 

length ami part ic le  velocity /3 . The s t a t i s t i ca l  fluctuations in the 

output pulse arise mainly from fluctuations in the l i gh t  production and 

collection, even f o r  constant p , and fluctuations in the photomulti- 

plier response. 

d i f f i c d t  t o  achieve experimentally by the use of this 22 property since 

theee requirements cannot be satisfied in a system which. must conform t o  

zhis l a t t e r  feature would be useful i n  determin- 

The required resolution of the charge number i s  very 
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the space and weight restrictions under which we are operating and which 

is espected t o  be of k g e  enough acceptance angle t o  produce a reason- 

able taunting rate. 

Since w8 cannot use the Z2 dependence of the Cerenkov radiation 

Yfdd because of the res t r ic t ims  i n  the present design, equation 5 can- 

not be used by us t o  identif‘y the primary particle. Our main concern is 

that a l l  charged particles satisfying the velocity threshold requirement 

produce enough Cerenkov light t o  be detected by the p h o t d t i p l i e r .  EP 

aminaticm of equation 5 does point out ~ome ways that  we can increase the 

amount of Cerenkov radiation that the p h o t d t i p l i e r  w i l l  detect. These 

w i l l -  now be examined. 
9 

The early experiments using gas Cerenkov detectors cornpensated for  

low photon yields by long particle path lengths in the medium. Due t o  

the size limitation imposed in the present, study, t h i s  method cannot be 

used t o  increase our Cerenkuv light output, 

The wavelength limits shown i n  equation 5 are  detemined by the 

t r a n d s s i o n  of the Window and the response of the photomultipliere 

Cerenkov radiation spectrwn i s  continuous and i f  we can widen the spec- 

tral response of the photomultiplier, we w i l l  detect more of the Cerenkov 

photons. 

and i ts  use allass us t o  increase the wavelength limit i n  the ultraviolet. 

This i s  the important region fo r  us since, according t o  the Frank and 

T a m  equation, the number of photons produced per wavelength interval is 

proportional t o  1 1 ~ 2 .  

The 

Quartz has better t r a n d d . c n  i n  the ultraviolet  than glass 

It is important now t o  clarify the etatus of an often used device 

insofar as it affects our experiment. 

perimenters t o  use wavelength shifters t o  increase the amount of l i gh t  

The l/h’dependence led some ex- 
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trarnsmitted by the window and detected, i n  i t s  operating region, by the  

photcmltiplier. wavelength shVters are intended t o  absorb the copious 

ultrariolet part of the Cerenkov radiation and reemit i n  the usable vis- 

ible and near ultraviolet, Many investigators have reported an increase 

in the number of usable photons of 100% or  more, 

has been ahown that the increased l ight  has beem due t o  sc in t i l l a t im  

caused bp the ionizing particles penetrating the medium. 

would destroy the threshold feat- of the Cerenkov detector. 

wavelength shiftere are of no value i n  th ie  experiment, 

Recently, however, it 

This, of course, 

Hence, 

Etp. changing the pressure of the gas within reasonable limits, the 

index of refraction and therefore the threshold p may be co~l t ro l led~ 

Carbon diodde, a gas of average index of refraction a t  atmospheric pres- 

mre, has a high c r i t i ca l  pressure and therefore a considerable increase 

in n mer i t s  value at atmospheric pressure i s  poseible. Since the index 

of refraction w i l l  be used primarily t o  se t  the velocity threshold of the 

Cerenkov detector, this method cannot be used t o  increase the l igh t  yield. 

There is  insufficient published infoxmation on the index of refrac- 

t ion of gases suitable fo r  Cerenkov media a t  high pressure. Jennings and 
10 

K ~ ~ B I W  built an interferometer into a nitrogen Cerenkov detector t o  find 

the index of refraction a t  operating preesure. Perez-Mendez and A t k i n -  
15  

son also measured the index of refraction versus pressure for t he i r  C e r -  

eakav w6 Wd Cm20 

A t  the beginnins of our study of the Cerenkov detector, we were u- 

able t o  locate published infonoation on the variation of the index of 

refraction of carban dioxide with pressure. Jelley examined the case 

where n - 1 & 1 in the Lorentz-Lorenz fomula which leads t o  n - 1 p m  

portionsl t o  the dansity, 

9 

(The Lorentz-Loren2 fonmrb is  discussed i n  
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the AppendFx.) He tken macle the perfect gas assumption and obtained n - 1 
pruporticmal to the Pl?eSBUXWo Ais appmchation is  ackndedged t o  hold 

only a t  Wxierate pressures." Hanson and f4oom, however, applied t h i s  

relatianship t o  car& dioxide a t  63.5 atmospheres and predicted a d- 

mum index of refraction for the gas as  LO26. As noted i n  Chapter I, we 

need an index of refraction of 1.031 t o  detect particles w i t h  p greater 

than 0.97. Figure XI is a graph of the index of refraction of carbon 

dioxide and the threshold particle velocity p versus the carbon dioxide 

pm8epre. 

8 

The dashed line share the  results of Hanson and Hoore. 
2 

If the BeattieBridgeman Equation, 

is used t o  find the pressure-density relationship rather than Boylets 

Law, the Lorantz-Lorens fonmrla predicts an index of refraction of 1.05 

a t  63.5 atmospheres. This result is of great importance from the safety 

and weight VseoJpOJno as ft d d  d 3 o w  us. t o  operate the satel l i teborne 

Cerenkov detector at a barer pressurer 

f n t e r f e k e r  and a d gas pressure ce l l  was performed t o  ammine the 

A n  experiment using a Michelson 

discrepancy. Our experimental index of refraction versus pressure curve 

is 8hom as a aolld &e in Figure 11. zhis measurement and a more de- 

tailed examhation of the results and the theory are discussed in the 

A P W k  

Cerenkw radiatian is emitted instantaneously as the charged part- 

icle traverses the medium. 

is  a h e t i o n  of the dispersion of the medium, the variation i n  lengths 

of optical paths t o  the l igh t  detector and the time af traversal of the 

particle. 

The duration of the l igh t  pulse a t  the wind- 

For systems with less  than a 75 centimeter particle path 
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length in the medim, similar t o  OUF detecting system shcm in P i g u m  

111, the ccntributicm t o  the pulse Width due t o  them cansiderations i s  

le88 than oL6 IliL1108800Qdr 

33. Spurious Eifects 

Spuriow effects accaraparUring the productisa of Cerenkov radiation 

aust be eetimated or measured. kce mst be sure that  the l ight  pule9 

seen by the p h o t d t i p l i e r  i s  due only t o  the Cerenkov radiatian gen- 

erated in the W c a  dioxI.de by single heavy charged particles. 

A t d c  or molecular radiatiicm caused by ionieatian or excikaticn can 

be produced by particles traversing the detector with a velocity below 

the Cerenkov threshold. This scinti l lat ian occurs w i t h i n  a timS of a h *  

m e  nanosecond, which i s  comparable t o  a fast Cerenkov pulse and WQUld be 
5 

diff3mil.t t o  distingu;tsh, 

The particle may be part of a cosmic ray shower consisting mainly of 

high energy electram. If these electrons have a velocity above the Cez- 

eakov threshold, the Cerenkov radiation produced could be incorrectly re- 

corded as due t o  a heavy particle having a velocity above the Cerenkov 

threshold. A shower detecting shield of geiger tubes, which can be 

arranged around the Cerenkov radiation system, reduces this possibility. 

A heavy charged particle may be traversing the gas below the Ceran- 

kov threshold velocity, but it may give sufficient velocity t o  an icnisa- 

tion elect- uhich then produces Cerenkov l ight,  

"knock-onn electron must be discounted if the result8 of the experiment 

are t o  be valld. 

and container walls cannot be distinguished from a Cerenkov p l s e r  

Viawanathan has studied knock-on electrons in metals and found an 

The l igh t  from this 

Events due t o  knock on electrons produced i n  the gas 

S. P. 
19 
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wcpressiaa for the probabilitr that an in~Cming particle of energy E 

gives rise t o  a secondary knock-on of energy E. 

readily used t o  ascertain the probability of spuriaUs ennts  arising from 

/ 
His results may be 

d g%nerated secazdariea. 

Neither Paraell9s experimsnt nor the expariment reported in this 

thesis m a  atife to detect these effects With any cwideme. 

cantsina a diecussion of the conclusima reached cmcerning epuriaue 

radiatian. 

mpter IB 



The Cerenkov ladiatian generated i n  a gas filled Cerenkav detector 

is nara71 i n  magnitude but highly d i r e c t i d  relative t o  the paths of the 

particle which generate it. 

this radiatian. 

mltiplier tube i a  required t o  detect the small  amount of C e d o v  l igh t  

produced, provision must be made t o  get the Cerenkov radiation out of 

the tank. 

Our main problem is  t o  efficiently collect 

Since the gas is contained under pressure and a photo- 

The transparent Window through which the Cerenkov radiation is  trans- 

mitted t o  the photomultiplier must not l i e  i n  the path of the charged 

particles. 

than gases and therefore, according t o  the Cerenkov relatian, the velocity 

threshold for the production of Cerenkov radiation w i l l  be much l e s s  than 

the 6 = 0.97 we desire. 

h.ansparsnt solids have an index of r e fmc t im much higher 

Placing the window, and also the photcmultiplier tube because of its 

glass envelope, aut of the path of the particle creates a problem for the 

collection of the Cerenkov photons. 

flected by the interior of the gas container toward the Window and photo- 

nailtiplier tube. 

been investigated t o  find t h e  best method fo r  reflecting and collecting 

the Cerenkovlight. 

perimental designs we have used. 

This radiation w i l l .  have t o  be re- 

There are various geometrical arrangements t h a t  have 

This chapter will consider the more important ex- 
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A. EhpleriarsatWrl 

%e f e a s i u t y  of using a car- diodde Cerenkov detector a t  pres- 

sums ranging from 15 t o  30 atmospheres was hvestigated by To A. Parnell 

and is discussed i n  h i s  Master's thesis. 
14 

He performed a sea level ex- 

periment using hard nar-mesm secondaries t o  generate the radiatim. The 

gas cmtained i n  a cylindrical s teel  tank with a luc i te  window a t  me 

and. A geigertube telescope restricted the detectim of the mu-meaona 

t o  those lying within a small solid angle. The a d s  of the tank was 

t i l t e d  relative t o  the axis of the telescope so that  the window would not 

be traversed by the accepted particles. 

h e  inter ior  of the steel tank was polished and this surface used t o  

reflect the Cerenkov photons toward the photamultiplier. I n  apite of the 

f a c t  that polished steel i s  a poor reflector of visible and near u l t ra -  

violet  and that  the rays were reflected a t  a large angle of incidence, a 

sufficiently high output of Cerenkov l i gh t  was obtained t o  just i fy  further 

investigation of this method. 

B. Ikperiment Number 2 

A second experiment was undertaken t o  improve on the detection qrs- 

tem used by Pamell. The experimental arrangement is shajn in Figure 111. 

Instead of using the reflection from polished steel, the inter ior  of 

the tank was lined with a sheet of opaque Mylar t o  which an evaporated 

aluminum film had been applied by Epaporatd Metal Films, Inc. Although 

the evaporated aludnum film is virtually opaque t o  visual l ight ,  WB 

wed opaque Nylar as a backing instead of a transparent solid t o  further 

reduce the possibility of unwanted Cerenkov radiation getting into the 

tank. An evaporated al.reninura surface, the best specular refleotor known 

t o  usI reflecta up t o  90% of the incident l igh t  at n o d  incidemce in 
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the near Ultl’&.d8t IddblS~ 

A quarts window was used aa the tank Instead of lucite t o  transmit 

the b1.ankov &tion because of i t s  tranmuisaian and strength p.roper 

ties. Me were not able t o  get a suitable ~ r t z  window photasultiplier 

and so the t r a n d s s i a n  admntage of the quartz tank window ua8 not u t a -  

i z d .  

A f h a l  objective of this experiment was t o  check out the associated 

e l e c t d c  c i rcu i t ry ,  particularly sane transistorized printed circui ts  

tha t  vould be used in a sa te l l l t e  experiment. 

satisfactorilyo 

These circuits functianed 

The basic layout of the equipment does not differ radically from P a p  

nell*s thesis experhento 

angle of 19 from the vert ical  to  place both the quarts window and the 

Ths cylindrical steel tank i s  t i l t e d  a t  an 

photomultiplier tube outside the path of the particles. 

A stainless steel tank of oneeighth inch w a l l  thickness was used t o  

contain the carbon dioxide. 

factor  a t  the pressures used but does not significantly slow down the high 

energy particles bebg examined. 

tank was defhed by a geiger tube telescope consisting of geiger tube 

trays A, B and C. Trays A and B each contained two geiger tubes f o r  the  

telescope and two independently operated geiger tubes, m e  on each side, 

t o  detect showers. Events in coincidence w i t h  a shower signal  were re- 

corded separately and these a m  show in columns 4, 5, 6 and 7 in Table I. 

Since the sea level campanent of cosmic radiation cantaina a soft 

component consisting primarily of electrons and slow mu-mesons, a l l  of 

which may trigger the telescope but no$ be of sufficient ve loc i ty to  pr- 

duce Cerenkw radiation, a lead absorber and an additional geiger tube 

This thickness provides an adequate safety 

The path of the particle through the 
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tray D were  added. 

not, the -re eaergekic Rhardw coanpanent, consisting almost entirely of 

fast W L - ~ B S O ~ J .  

absorber and be detected by the D t ray  should produce Cerenkov radiation 

i n  the tank. 

The lead absorbs the electrons and soft m-sms but 

A mu-meson having sufficient range t o  penetrate the lead 

B e  dimensions of the interior of the tank were decided as the re- 

sult Of ~ l l l  extended I B ~  tracing studyo Ray tracing allar~ US t o  f O U O W ,  

in principle, the path of the Cerenkov photon as it i s  reflected in the 

tank, Although Cerenkov photons may be d t t e d  a t  any point of the part- 

icle's path i n  the medium and therefore we are dealing with the production 

of photons from an extended source, each photon is  emitted a t  a definite 

angle with respect t o  the path of the particle. 

the particle, we can choose various points on this path as the source of 

Cerenkov photons, draw the paths of these photons, and determine whether 

the photon wXU reach the photcamrltiplier and the number of reflections 

the photon must undergo. 

treated in  this fashion. 

If we know the path of 

Several representative particle paths were 

Using this ray tracing procedure, it was found that  the cross- 

sectional area of the inside of the tanlc must not d i f fe r  greatly from the 

photocathode area of the p h o t d t i p l i e r .  The inside diameter of the 

tank is  3 inches and a taper was required near the end of the tank t o  

condense the l igh t  toward t h e  2.5 inch diameter photocathode. 

h g  showed that approximately 3 per cent of the rays are back reflected 

within this taper. 

Ray trac- 

It i s  seen by referring t o  Figure I11 that the minimum path length 

is about one-fourth of the average path length and the maximum exceeds 

the average by about 20%. The minimum path length is approximtely 1 5  
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centjmeters, 

minimum path through the gas undergo a maximum of three reflections be= 

fore reaching the window, 

both the production and the collection of the Cerenkov light, 

tank cmtains carbcm dioxide a t  30 atmospheres, equation 5 sham that, ~1 

the average, 230 photons are generated by the m-mson traversing this 

minimmi length and one wets about 85% of these photons t o  reach the 

Ime Cerenkov photcxs produced by a particle taking t h i s  

This situation is  the worst possible case for 

If the 

wlndowo 

A clear fused quartz window was chosen t o  contain the carbon diodde 

i n  the tank and transmit the Cerenkov radiation t o  the photomultiplier. 

Quartz has higher strength and better transmission i n  the near ultravio- 

l e t  than H e d i t e ,  the only other satisfactory material available a t  the 

t h e .  

nized walls of the tank, transmission through the  interface of the carbon 

dioxide and the quartz is not a8 efficient. The amount of light trans- 

mitted a t  the junction of two media is a function of the angle of inci- 

dence and the difference between the indices of refraction. 

these factors, probably about 45 per cent of the Cerenkov radiation is 

transmitted by the quartz t o  the photomultiplier, 

Although most of the Cerenkov photons are reflected by the alumi- 

Considering 

The quartz was cut i n  the form of a top hat and all surfaces were 

polished, 

tank, pressing the quartz into contact with an 0 ring t o  fom a pressure 

seal, 

lower, sndler surface of the quartz window, 

200 was used t o  provide an optical coupling between the quartz and photo- 

multiplier, 

A s tee l  flange was bolted t o  the bottom of the cylindrical 

The photomultiplier was then placed i n  direct  contact with the 

Daw Coming Silicon Fluid 

A compromise had t o  be made i n  the choice of photaamrltiplier, A 

large area photocathode decreases the amount of conical taper needed 
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inside the tank but the larger tubes have 8 larger dark current. The l o w  

l i gh t  output we expect f m  the carbon dioxide requires maximum sensitiv- 

i t y  and quantum efficiency f o r  this photocathode as w e l l  as a minimum 

dark current and nuximum signal t o  noise ratio. Unfortunately a l l  of 

these requirements are not compatible. New tubes have been developed 

w i t h  dark current of abuut 12 electrons/c~n,~/sec., but t h i s  improvement 

also reduces the Quantum efficiency from lo$ t o  about '7% and the response 

fram 50,uA/lu1nen t o  30pA/lumen. 

detection of d e r  si@s, however, and this hprovement i e  eufficient 

t o  justify the decreased output pulse height. 

The smaller dark current allows the 

The tube chosen fo r  the experiment was the E. M. I, 9578s that has a 

2.5 inch photocathode diameter and an S-11 response. 

has a peak quantum efficiency of 

efficiency at  3500 A and 5goO A. 

in to  the ultradolet by using a quartz Window on the photomultiplier ard 

it is hoped that this feature can be added in the future. 

The photocathode 

a t  a.00 ;[ f w g  off t o  about 1% 
0 0 

The efficiency spectrum can be extended 

Considering the result obtained above of 230 photons generated i n  

the Cerenkov detector by a single charged particle traversing the mininun 

path length i n  the gas, we can expect a minimum of about 90 photans t o  

reach the photocathode of the photomultiplier. For an avelgge photocath- 

ode efficiency of 4%, about 4 photoelectrons a re  produced by the photo- 

cathode. 

apparatus. 

This number should provide a detectahle pulse fo r  our measuring 

Chapter I V  contains a discussion of the results of this experiment. 

Although we found that all singly charged particles produced enough C e r  

enkov radiation i n  the gas t o  be detected, several of the features of 

this experiment need more careful examination. It  i s  highly desirable 
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t o  elisinate the large particle path length variatim i n  the gas. 

stronger material f o r  the tank window i s  needed. 

safety factor of 8even t o  one, we would need a Window thickness exceed- 

ing One inch. The heavy flange arrangement required t o  attach the quartz 

window t o  the tank accounts f o r  a large part of the weight allotted t o  us 

for a satellite-borne experiment. 

A 

To u8e quartz a t  a 

It is hoped t o  solve the window problem by using a new, high strength 

glass, Chemcor, now being developed by the Corning Glass Company. 

ples have been received a t  this laboratory f o r  testing. One of these 

samples, 3.5 inches in diameter and 0.155 inches thick supported a pres= 

sure of 900 pounds per square inch before rupturing. 

Sam- 

C. EsrperimgltNumber3 

A third design f o r  a gas Cerenkov detector i s  presently under iffves- 

The d s  of the cylindrical tank i s  not t i l t e d  relative t o  the tigation. 

axis of the telescope as in the previous experiments; and the wfndat is 

attached at  the side of the tank. A single curved mirror a t  the bottom 

of the tank reflects the Cerenkov l igh t  toward the side window and photo- 

multiplier tube. 

The primary disadvantage of t h i s  desim is the massive flange re- 

N e d  t o  support the window against the side of the tank and stiffen the 

cylinder around the window. 

experiments may not a l l o w  the use of this desi@. It should be possible, 

hawever, t o  use t h i s  design in a series of balloan flights. 

The weight l h i t a t i o n  fo r  satellite-borne 

The advantages of t h i s  design include the following: 1) The path 

length variation of the particles traversing the tank will be less than 

in anp of the previous experhents. It does not appear that this decrease 

is pt sufficient t o  allow us t o  use the Cerenkov detector as a 2 
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discriminating device but it w i l l  be interesting t o  compare the Cerenkov 

light output with that of the sciatillation crystal or semiconductor. 

2) 

reduction in the angles between the iuds of the tank and the directions 

of the accepted particles. 

There i s  a possibility of more efficient l ight  collection due t o  the 



Table I summarizes the experimental results obtained fran various 

pressure runs with the gas Cerenk~ detector shown in  Figure III. 

hoped t o  operate part of the time a t  the &u pressure of 60 atmos- 

pheres; but a t  around 50 atmospheres the quartz Windas ruptured, causing 

the destruction of other equi~nnent. 

with a safety factor of 4 t o  1 for a pressure of 60 atmospheres and had 

been previously tested a t  this pressure f o r  an extended time. Although 

it i s  believed that the rupture was probably due t o  an improper seating 

of the quartz window, it was decided t o  mm a l l  subsequent t e s t s  with a 

second quartz window a t  30 atmospheres or lower since we could not be 

certain of our diagnosis without an extensive t e s t  program for cparts win- 

It ma 

This quartz b d o w  had been designed 

dow~. 

Geiger tube tray D was designed with an area sufficient t o  detect 

a l l  of the high energym-mesons when the tank pressure was 50 atmos- 

pheres or higher. 

termined the efficiency of the entire Cerenkov detector. 

D t ray unfortunately covered only 91% of the incanring f l u x  for the 30 

atmosphere run. It was therefore expected that 9% of the Cerenkov pllses 

would occur d t h o u t  triggering the D tray. 

A t  these high pressures we could have accurately de- 

The area of the 

When our pictures of a l l  events were examined, it was observed that 

almost half of the Cerenkov pulses were caused by particles tha t  did not 

trigger the D tray. 

t ion of the expected particle density and energy distribution was carried 

To deterrmlne the source o f t h i s  error, an evalua- 
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out. 

many previous experiments done i n  the laboratory. Approximately 70% of 

all of the incident particles are hard mu-mesons that should have pene- 

t ra ted the lead and the D tray. The ra t io  of a l l  of the Cerenkov pulse 

events t o  the to t a l  number of incident par t ic les  was very close t o  70%. 

n?e D tray therefore should have detected many more of the par t ic les  

than it did. 

The counting rate  fo r  the penetrating particles agreed with the 

A check of the electronic c i rcui t ry  showed that it was operating 

correctly. 

them had varying plateau voltages. 

tubes during the course of the e x p e r i m e n t d d  have given us the above 

results, and it is quite probable that this was the cause of the trouble. 

The geiger tubes were checked periodically and a couple of 

The malfunction of one or  more geiger 

The effect  of this difficulty was the rejection of much data. 

of our objectives lniere realized, however, and are discussed in the fol- 

lowkg pages. 

Most 

The Cerenkov detector was primarily operated a t  30 atmospheres and 

an evaluation of these runs is outlined below. 

t ion curves, with the detector in both the normal and the inverted posi- 

tion, are given i n  Figure IV. 

Pulse height distribu- 

384 aut of 386 high energy mu-mesons that triggered the D tray gave 

The passage of two of the mu-mesons gave detectable and usable signals. 

no detectable pulse. 

which we did not detect OY t o  those particles with velocity only slight- 

l y  above the Cerenkov threshold so that t he i r  output of Cerenkov l igh t  

is too low t o  detect. This l a t t e r  effect  could have been due t o  the 

l o w  production of Cerenkov l ight  by particles with velocity just  above 

the Cerenkov threshold, leading t o  an effective Cerenkov threshold 

This i s  readily attr ibutable t o  shower events 
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alightly above that predicted by equation 1. Furthannore, a similar 

number of the “goodn events may be due t o  showers. 

The Cerenkov tank uaa inverted to  investigate the presence of s c b  

W t i o n  l igh t  or any other spurious l i g h t  producing effects occurlng 

when the m-nmsona traverse the tank. Since the inside of the tank at 

the sad opposite the photmultiplier wm covered wifh black felt whicrh 

would not ref leat  the C e d u v  light back toward the photomultiplier, 

the possibility of Cemnkov radiation being reflected up into the 

mltiplier YLI ~f)gli@Ue. Pour amall pulaes were observeui d u r i q  the 

t h e  that 301 high energy mu--3pc3ons went through the inverted ey.8tssn and 

triggered the D trsy. This number i s  scmewbat less than our estimate of 

such apudoue events which w88 based on extensive calcuk%tians pertain= 

ing t o  knochn seaondariee genersted a t  the top of‘ the tank or in  the 

gas and showers whgch were not cmpletaly excluded. 

The largest of these spuriout~ pulses was one half the size of the 

smalleet Cerenkov pulse obtained with the tank i n  its n o d  position. 

Zhe mode of the two pulse height distributions differed by more than a 

factor of ten. If one attr ibutes these signals t o  scint i l la t ion light, 

(which i e  not necessary in View of the fac t  that they can bo accounted 

f o r  entirely by other means) then the most energetic output observed of 

the isotropic scint i l la t ion (per centimeter of path length) as the part- 

i c l e  traverses the entire length of the tank, i s  l e s s  than 10% of the 

least energetic uutput of Cerenkov l i gh t  (per centimeter of path length) 

and lese  than 2$ of the average Cerenkov l i gh t  output (per centimeter of 

path length). 

able limits f o r  effective operation of the instrument. 

This amount of scinti l lat ion l i gh t  i s  within the toler-  
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CHAPpeRV 

CONCLUSION 

From OUT study of 8 Cerenkov radiation detector con- carban 

d i d d e  a t  30 atmospheres, designed with regard t o  a partiuular set of 

restfictions on wight,  siea and geanetrg, rn conclude that: 

1) A l l  charged particles passing through the system with a velocity 

greater than the effective Cerenkov threshold velocity yield detectable 

and usable Cerenkov signals. 

detector. 

lhis is the primary purpose of our Cerenkov 

2) &inti .nt ion is negligible compared t o  Cerenkuv mdistion using 

These two results justify further carboll diapdda a8 the Cerenkovmedium. 

developdent of the gas Cerenkov detector for a satellite-borne acperi- 

mnt 0 

The rneamraent of the varht ion of the index of refraction of CEP 

bon dioxide with pressure agrees very w l e l l  with the theory, when proper 

ccmsidemtion is given t o  the behavior of the gas density as a function 

of pressare. 

that the  output of Cerenkov photons a t  a pressure of 30 atmospheres is 

about 20% greater than one might conclude by extrapolating t o  higher 

pressure the results cited by Jelley. 

This is  of importance t o  our project aince we conclude 



A literature study of the properties of oarbon d i d e  k l ~ ~ 8  u n d e ~  

taken lnitirJlty to  find whether the gas at high pressure would aaintil- 

lata or fluoresce when subjected to  high enerRg particles o r  the pas- 

of the Cerenkov electromagnetic pulse. As noted i n  Chapter 11, measure 

menta of the index of refraction ware performed when a literature eurvey 

remaled inoonclusive re sult s . 
The emprimental arrangement for  the index of refraction meamenti 

consisted of a Michelson interferometer and sodium discharge lamp t o  

produce the fringe pattern. 

half inch Quarts ~ o w s ,  containing gas at various pre86ure8, was in- 

serted into ane of the optical arms of the interferometer. As the gas 

was leaked into the c e l l  from a high pressure source, the number of 

fringes tha t  were displaced could be counted. 

was a cylinder of cammercial grade carbon dioxide a t  a pressure of about 

830 p.s.i. 

duce slow pressure changes in t h e  system. 

gas i n  the c e l l  was 0,250 inches. A Bourdon tm pressure gauge with an 

accursay of - 5 p.s.i. was used fo r  pressure measurements. 

A stainless steel  pressure c e l l  with one 

The high pressure source 

A pressure control valve and ballast tank were used t o  pro- 

"he optical path through the 

.+ 

The pressure eystem was flushed many times with carbon dioxide t o  

d n h a t e  the air and any other inpurities and the experiment was be- 

with the gas at a pressure of one atmosphere in the cell.  The pressure 

was increased slowly so that about two fringes passed the cross-hairs of 

a telescope each second. 

c0unth.g about f i f ty  fringes with the aid of the telescope. 

Each step of the experiment involved visually 

A manual 
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counter was used t o  record this number of fringes. A t  the  end of each 

run, about one minute was allowed t o  assure temperature eqyilibrium. 

Usually a change of one or two fringes occurred in this interval while 

the s;Ystem attained equilibrium, requiring an addustmsnt in the recorded 

friwp twft. 
phe procedure -8 mpaated Urrtfi  the tank PgaSWrre 

FW c W ~ O  ru118 in a d d i t h  to f m  partial in 

the bigh presswe range &ere the deviations frcnn the perfect gas l a w  

would occur. 

The of index of refraction i n  each step is  related to the 

number of friqp~j passing across the f i e ld  of d e w  of the observer by 

A A n - * t  - - A N  

where t is  the geomet r id  path in the pressure c e l l  of the sodium light 

of wavelength and is the number of fringes counted as the pres- 

sure changed. Since the index of refraction of carbon dioxide a t  atmoa- 

pheric pressure is well h o w n ,  t he  index of refraction a t  any other 

pressure can be found by measuring the fringe shift. 

A theoretical check of the experimental curve is obtained fram the 

LoraatzrLorenz fornrula, 

which expresses the electronic polarizability, de , as a function of the 

index of refraction of the gas, n. 

per Unit ~ l u m e  and can be expressed as 

N is the number of molecules present 

where No is Avogadro1s 
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-r, is the density of the gas and W is  its molecular weight. An 

alternate form of t h e  Lorentz-Lorenz equation defines the molar refrac- 

tivity, M, as 

'Ehs following experimental reports were found in the litenature as 
16 

the above work was being performed. U p s  used a FabpPero t  etalan 

t o  trace the pressure dependence of M through both the gat3 and l i@d 

phases. Coffin and Bennett used sixrdlar appamtus and found that the 
4 

molar refractivity did not vary f o r  most of the i r  pressure runs up to  

30 aWogpheres. They did obtain a variation when the carbon diaxide 

was taken frasn steel stomge containers over 5 years old. They credited 

the large decrease i n  PI t o  the presence of the polar molecule carban 

mcumd.de, which seem an incorrect conclusion. Landolt and Bornstein 
11 

have an excellent sumnary of the  theory and a l ist  of the experimental 

r e d t s  fo r  most of the gases. One of t he i r  references f o r  carbon diazr 

ide i s  the paper by Michels and Hamers i n  which the same experiment on 
13 

the variation of index of refraction with pressure was reported. For 

pressures up t o  63 atmospheres, t he i r  results, shown in Figure 11, agree 

very closely w i t h  the experimental results obtained with the Michelson 

interferometer and shav no significant variation of M. The average 

m a l a r  refractivity of carbon dioxide obtained from our experiment is 

7.1 cmO3 per mole and the average found by Michels and Hamers i e  6.69 

cm.3 per mole. 

If t h e  molar refract ivi ty  of carbon dioxide is a constant, it can 

An be shown that - 
ma- /4 / holds. As a final check on aur results, 

as a function of density p in Figure V. Even though our cumre show 

i s  also a constant as  l o w  as the approximation 
A n  A f  

is plotted v 



I 

i 
I 
1 
f 
I 

I 
I 
I 
I 
I 
1 

I 
1. 
I 

I 
I 
I 
I 
I 
I 
I 

i 
- 1  

1 
1 
i 
I 
I 

. 

. .  
. . 

* i  

. 

I:. 
2 t 

b: ' f 

f 
. I  

t 
- 1  

i -  
I- 

- *  *: . 

. i 
.t 

- *  I 
I 

,* . 
I 
1 

0.J 
* 1  

1 
* I  

*. 4 
. I  

* I 
I 

- 1  
I 
I *. 
1 

* I  
I 

I 
1 

' I  
I 

' I  
I 
I 

1 

* :  

! 
I 
I 
I 

* I  
I 
I 
I 
I 

* I  

37 

. 

? 

3 

? 

b 
? 

I 
? 

I 
? 

b 

CL 
0 

X 





1. 

2. 

3. 

4. 
5. 

11. 

12. 

Ascoll - Bd.!&ad.U and Ascoli, Nuovo CMento, 4, 1392 (1957). 

Beattie and &idpan, J. bmer. Chm, Soc., u, 1665 (1927). 

Cel*tnLarr, Dokl. Akad. Blauk., SSSB, 2, 4 s  (1934). 

Coffin and Bennett, J. 4%- Phys., a, 1, 98 (1956). 

Bggler and Huddleaton, I. B. E. 'Rrmssctioae on Nuclear Science, 

SOVo, 19%. 

FinOCchiaro, F-i, Mezzetti, hove Cimsnto, & 317 (1960). 

Frank and Tanun, Dol& Bkad. 1Jsuk., SSSB, a, 109, (1937). 

Baaeon and M o o r e ,  Num Cimento, 4, 6, 1558, (1956). 

Jelley, Ce- Radiation, P e r m  &sa, New York (19%). 

Jennings and Kalmus, I?udear Inatraments and Methods, 4, 209 
(1960). 

Landolt - B6mstein, Zahlenwerte und Punctimen, Springer (19s )  

I, 3, so.  
Lau, Lo W., A Study of a Satellite-Borne Scintillation Detector for 

Relativistic Nuclei, M. So Thesis, University of North Carolina, 

1961, (ungubllshed). 

13. ~ c h e l s  and h r s ,  physics, 4, 995, (1937). 

14. hxnell, To A., The Feasibility of a Gas Cerenkov System for Heasure -  

ments on the Prinrarg C o d c  Radiation, M. S. Thesis, University of 

North Carolina, 1960, (unputil.ished). 

PemHendes and Atkinson, University of California Radiation Labora- 

tory bP0~ 8570 (199). 

15. 



A ' ,  

. 
. .  

i 

The author wishes t o  express his appreciation to Dr. E. I). Pal- 

matier, who suggested the project, directed the investigation, snd 

aided in the a n a l y s i s  and evaluation of the data; to  Dr. Robert Mace 

for hi8 aSSi8blCe h deSi@kg the apparatus described kl this thesis 

and his oonaidemWe help in the evaluation of the project; to Mr. 

To A. for his advice and assistance throughout the project. 

This work wae supported br the National Aeronautics and Space 

Administration under Cantract -59. 




